Abstract Aims/hypothesis: The aim of this study was to investigate the effects of liver X receptor (LXR) activation on lipid metabolism and insulin action in human skeletal muscle cells prepared from control subjects and from patients with type 2 diabetes. Subjects and methods: Cultured myotubes were obtained from muscle biopsies of 11 lean, healthy control subjects and ten patients with type 2 diabetes. The mRNA levels of LXR isoforms and lipogenic genes were estimated by RT-quantitative PCR, and the effects of LXR agonists on insulin action were evaluated by assays of protein kinase B serine 473 phosphorylation and glycogen synthesis. Results: Both LXRα and LXRβ were expressed in human skeletal muscle and adipose tissue and there was no difference in their mRNA abundance in tissues from patients with type 2 diabetes compared with control subjects. In cultured muscle cells, LXR activation by T0901317 strongly increased expression of the genes encoding lipogenic enzymes, including sterol regulatory element binding protein 1c, fatty acid synthase and stearoyl-CoA desaturase 1, and also promoted triglyceride accumulation in the presence of a high glucose concentration. Importantly, these effects on lipid metabolism did not affect protein kinase B activation by insulin. Furthermore, LXR agonists did not modify insulin action in muscle cells from patients with type 2 diabetes. Conclusions/interpretation: These data suggest that LXR agonists may lead to increased utilisation of lipids and glucose in muscle cells without affecting the mechanism of action of insulin. However, the long-term consequences of triglyceride accumulation in muscle should be evaluated before the development of effective LXR-based therapeutic agents.
Introduction
Alterations of the main lipid metabolic pathways in skeletal muscle, characterised by reduced ability to oxidise fatty acids and the intramyocellular accumulation of triglycerides, are features of insulin resistance in type 2 diabetes mellitus [1] [2] [3] . Recent data have led to the hypothesis that these alterations of lipid metabolism play a central role in the defective action of insulin in skeletal muscle, probably through inhibition of the IRS1-dependent signalling pathway [4, 5] .
Liver X receptors (LXR) α and β, encoded by the genes NR1H3 and NR1H2, respectively, are members of the nuclear receptor family and have been shown to be involved in the control of lipid and cholesterol metabolism [6] . LXR ligands are considered to be potential therapeutic agents and it has been demonstrated that treatment with the LXR agonist GW3965 improves glucose tolerance in a murine model of diet-induced obesity and insulin resistance [7] . Although LXRs are mainly present in the liver, significant expression in other tissues, including skeletal muscle, has been reported [8, 9] .
Among the targets of the LXRs is the gene SREBF1, which encodes the transcription factor sterol regulatory element binding protein 1 (SREBP1)c [10] , and has been implicated in the transcriptional action of insulin [11] [12] [13] . LXR-responsive elements (LXRE) are present in the SREBP1c promoter region of SREBF1 [14] and synthetic LXR agonists upregulate SREBP1c mRNA levels in rodents both in vivo and in vitro [10, 14, 15] . It is known that SREBP1c expression is decreased in the adipose tissue and skeletal muscle of insulin-resistant patients with type 2 diabetes [16] . The contribution of an alteration in the expression of the LXRs in the tissues of these patients has not yet been investigated.
Given the interest in LXR ligands as potential therapeutic agents and the role of SREBP1c in insulin action, it was important to better characterise the effects of LXR stimulation on insulin signalling and metabolic action. Indeed, activation of LXR may restore SREBP1c levels in diabetic tissues and thus increase insulin action; this is supported by experiments showing that adenovirusmediated overexpression of SREBP1c improved glycaemic control in insulin-deficient mice [17] and mimicked insulin action in rat myotubes [18] . However, LXR activation is well known to promote lipogenesis and triglyceride accumulation [8, 19, 20] . Intracellular accumulation of lipids is associated with reduced insulin efficiency in cell models [4, 21] and with insulin resistance in vivo [2, 4, 5] . Reconciliation of these two opposite effects of LXR activation needs to be clarified. We therefore investigated the effects of LXR agonists on lipid metabolism and insulin action in primary cultures of differentiated human skeletal muscle cells. The specific goals of this work were: (1) to verify whether the expression of the LXR isoforms is altered in the skeletal muscle and adipose tissue of patients with type 2 diabetes; (2) to study the effects of LXR activation by synthetic ligands on lipogenesis in cultured myotubes from control subjects; and (3) to find out whether LXR agonists can improve insulin action in muscle cells from patients with type 2 diabetes.
Subjects and methods

Subjects
All participants gave their written consent after being informed of the nature, purpose and possible risks of the study. The experimental protocol was approved by the Ethical Committees of the Hospices Civils de Lyon and performed according to French legislation (Huriet law).
For the study of SREBP1c, SREBP1a, LXRα and LXRβ mRNA expression in muscle and adipose tissue, 11 healthy lean volunteers and ten age-matched patients with type 2 diabetes were enrolled. Their characteristics are presented in Table 1 . None of the healthy lean subjects had impaired glucose tolerance or a family or personal history of diabetes, obesity, dyslipidaemia or hypertension. To determine the action of insulin on glucose metabolism, the subjects were submitted to a 3-h euglycaemic-hyperinsulinaemic clamp with an insulin infusion rate of 2 mU kg −1 min −1 , as described previously in detail [16, 22] . The expression of the target mRNAs was determined in skeletal muscle (vastus lateralis) biopsies (about 80 mg wet weight) and in subcutaneous abdominal fat samples (about 150 mg wet weight) taken under local anaesthesia before the hyperinsulinaemic clamp, in a fasted condition [16] .
For the culture of skeletal muscle cells (myotubes), muscle biopsies (about 200 mg wet weight) were taken under local anaesthesia from the vastus lateralis muscle in additional groups of subjects. This part of the study included 11 lean healthy control subjects (six men, five women, age 47±6 years, BMI 23.8±0.9 kg/m 2 , fasting plasma glucose 5.0±0.2 mmol/l, fasting plasma insulin 6±1 mU/l) with no family or personal history of diabetes, dyslipidaemia or hypertension, and of ten moderately obese patients with type 2 diabetes (five men, five women, age 56±3 years, BMI 32.9±1.7 kg/m 2 , fasting plasma glucose 9.6±0.9 mmol/l, fasting plasma insulin 14±1 mU/l, glycated HbA 1c 9.1±0.5%, duration of diabetes 12±3 years). None of the control subjects was taking medication other than oral contraceptive agents. The patients with type 2 diabetes were treated with oral hypoglycaemic agents (metformin and sulfonylurea). [23] [24] [25] [26] , the rates of myoblasts' growth and fusion into myotubes were similar, and there was no apparent morphological difference, among cultured skeletal muscle cells from control subjects and patients with type 2 diabetes.
Products and incubation conditions
The synthetic LXR agonists T0901317 and GW3965 were obtained from Fournier-Pharma. Insulin was purchased from Sigma (L'isle d'Abeau, France). Differentiated myotubes were preincubated for 12 h in serum-free medium before addition of drugs or insulin. LXR agonists (1 μmol/l) were added for 6 h when studying the regulation of gene expression or for 48 h when investigating their effects on metabolism and on insulin signalling. Control incubations with 0.1% DMSO (vehicle) were made in parallel.
Quantification of messenger RNAs
Total RNA from skeletal muscle biopsies was prepared according to a procedure based on the method of Chomczynski and Sacchi, as described [27] . Total RNA from adipose tissue samples and from differentiated myotubes was prepared using the RNeasy kit (Qiagen, Courtaboeuf, France). The mRNA concentrations of the target genes were determined by RT-quantitative PCR (RTqPCR) using a Light-Cycler (Roche Diagnostics, Meylan, France), as previously described in detail [28] . A list of the primers and real-time PCR assay conditions is available upon request (http://www.vidal@sante.univ-lyon1.fr). The results were normalised using the concentration of hypoxanthine guanine phosphoribosyl transferase (HPRT) mRNA, measured as a reference gene in each sample using RT-qPCR.
Analysis of the human SREBP1c gene promoter A human genomic clone (NR1-B022) which contains NotI flanking regions corresponding to the SREBP1c promoter was obtained from Zabarovsky et al. [29] and subcloned into the luciferase reporter gene vector pGL3-Enhancer (Promega, Charbonnières, France). HEK293 cells were maintained in serum-free medium for 18-24 h before transfection using Exgen 500 reagent (Euromedex, Souffelweyersheim, France) according to the manufacturer's instructions. Each culture well received 500 ng of a given SREBP1c promoter/luciferase gene construct mixed with 1 ng of pRL-CMV vector (Promega). Six hours after transfection, the cells were incubated with T0901317 (1 μmol/l) or 0.1% DMSO (vehicle) for 24 h. Firefly and Renilla activities (Dual-Luciferase Reporter Assay System; Promega) were measured using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, USA).
Determination of phosphorylated PKB
Myotubes were lysed at 4°C in 200 mmol/l NaF, 20 mmol/l NaH 2 PO 4 , 150 mmol/l NaCl, 50 mmol/l HEPES, 4 mmol/l NaVO 4 , 10 mmol/l EDTA, 1% Triton X, 10% glycerol and 2 mmol/l phenylmethyl sulfonyl fluoride. Proteins (40 μg) were separated by SDS-PAGE. After transfer, phosphorylated protein kinase B (PKB) was detected using an antiphospho-Ser 473 antibody (Upstate Biotechnology, Lake Placid, NY, USA) as previously described [24] . To normalise for equal protein amount, the blots were stripped and probed again with anti-PKB antibody (Upstate Biotechnology).
Determination of lipid accumulation in muscle cells
Cells were cultured for 48 h in a serum-free medium in the presence of T0901317 (1 μmol/l). During the last 24 h of the treatment, the glucose concentration in the medium was either maintained at 5 mmol/l or increased to 25 mmol/l. Lipid accumulation was detected in myotubes using Oil Red-O staining following fixation in 3% paraformaldehyde.
Measurement of insulin-induced glycogen synthesis
After 48 h of incubation with T0901317 (1 μmol/l), myotubes were treated for 90 min with or without 100 nmol/l insulin. Cells were then incubated for 3 h in 5 mmol/l glucose DMEM, supplemented with 12.5 mmol/l HEPES and containing 37 kBq/ml [U- 14 C] D-glucose (PerkinElmer, Courtaboeuf, France). After incubation, cells were washed twice with PBS and scraped in PBS supplemented with 0.1% SDS. Aliquots of the lysates were assayed for protein content with the Bio-Rad assay (BioRad, Marnes-la-Coquette, France). Glycogen was extracted as described [30] and the amount of [ 14 C]glucose incorporated into glycogen was determined by scintillation counting.
Statistical analysis
All data in the text and figures are presented as mean±SE. The statistical significance of the results was determined using the non-parametric Mann-Whitney test when comparing data from controls and patients with type 2 diabetes, and the paired t-test when comparing the effects of the treatments. The threshold for significance was set at p<0.05.
Results
LXR and SREBP1 expression in skeletal muscle and adipose tissue of patients with type 2 diabetes
The patients with type 2 diabetes included in the study had classical metabolic characteristics, as presented in Table 1 . In the basal state, after an overnight fast, their plasma concentrations of glucose, insulin, NEFA and triglycerides were higher than in a group of sex-and age-matched lean control subjects. Estimation of insulin sensitivity using euglycaemic-hyperinsulinaemic clamp showed that the stimulation by insulin of whole-body glucose utilisation was reduced in the diabetic patients.
The basal concentrations of SREBP1a, SREBP1c, LXRα and LXRβ mRNAs in vastus lateralis muscle were determined using real-time RT-qPCR (Fig. 1) . Type 2 diabetic patients were characterised by a significant reduction in the mRNA levels of SREBP1c. In contrast, the expression of SREBP1a was not altered. At the mRNA level, LXRβ was about 30-fold more abundant than LXRα in human muscle (Fig. 1) . There was no difference in the expression levels of these nuclear receptors between the control subjects and the subjects with type 2 diabetes.
In adipose tissue, the two LXR isoforms were expressed at similar levels and, as for muscle, no difference was observed between control subjects and patients with type 2 diabetes (Fig. 1) . Regarding the SREBP1 transcripts, a dramatic reduction in the steady-state mRNA levels of SREBP1c characterised the adipose tissue of the patients with diabetes. SREBP1a was expressed at a lower level than SREBP1c (about six times less) and its mRNA abundance was also significantly decreased in fat samples of diabetic subjects (Fig. 1) . There was no correlation between SREBP1c mRNA levels and the expression of the LXR transcripts in muscle or in adipose tissue (data not shown). Figure 2 shows the changes in the mRNA levels of SREBP1 and LXR isoforms and of key genes of lipogenesis in myotubes from control subjects incubated for 6 and 48 h with T0901317 (1 μmol/l). LXR activation produced a strong induction of SREBP1a and SREBP1c transcripts, readily measurable after 6 h of treatment. To ensure that the effect of T0901317 on SREBP1c expression was direct transcriptional activation through LXR activation, luciferase reporter constructs of the human gene promoter were transiently transfected into HEK293 cells. Figure 3 clearly shows that the addition of T0901317 (1 μmol/l) strongly increased luciferase activity. The deletion of a sequence containing the two neighbouring LXREs (−311/−296 and −260/−245) totally suppressed the effect of T0901317. T0901317 also strongly increased LXRα mRNA levels in human myotubes whereas there was no effect on the expression of LXRβ (Fig. 2) . It is important to note that the mRNA concentrations of the two LXR isoforms in cultured myotubes in the basal condition (1.5±0.2 and 12.6±1.4 amol/μg total RNA for LXRα and LXRβ respectively) were similar to what was observed in vivo in skeletal muscle (Fig. 1) . Regarding the genes of the lipogenic pathway, Fig. 2 also shows that all the tested genes were induced after 48 h of incubation with T0901317. Fatty acid synthase (FAS) mRNA expression displayed the greatest response, with a significant effect after 6 h and a more than three-fold increase after 48 h (Fig. 2) . The effect of LXR activation was also studied on the mRNA levels of 12 additional genes related to lipid and glucose metabolism. As shown in Fig. 4 , T0901317 produced strong induction of stearoyl-CoA desaturase 1 (SCD1), the rate-limiting enzyme catalysing the conversion of saturated long-chain fatty acids into monounsaturated fatty acids. Several genes encoding proteins related to fatty acid oxidation, such as the muscle isoform of carnitine palmitoyl-CoA transferase 1, pyruvate dehydrogenase kinase 4, fatty acid translocase and adiponectin receptor 2, were also significantly induced after 48 h of incubation with the LXR agonist. Hexokinase II (HKII) mRNA levels were also slightly increased, whereas there was no effect on the mRNA encoding glycogen synthase (Fig. 4) . Finally, it is important to note that the expression of neither peroxisome proliferator-activated receptor γ2 (Fig. 4) nor adiponectin, taken as adipose tissue specific markers, was significantly modified during the treatment (data not shown). This indicates that T0901317 did not produce trans-differentiation of the muscle cells into adipocytes under these experimental conditions. The strong induction of the expression of genes encoding proteins related to lipogenesis suggested that LXR activation promoted lipid accumulation in the human muscle cells. To verify this assumption, myotubes were stained with Oil Red-O. Unexpectedly, when the cells were maintained in the standard culture medium containing 5 mmol/l glucose, there was no detectable accumulation of lipids after 48 h of treatment with T0901317 (Fig. 5) . Under this condition, however, genes related to fatty acid metabolism were upregulated (Figs. 2 and 4) . In contrast, marked accumulation of lipid droplets was observed when 25 mmol/l glucose was added during the last 24 h of treatment with T0901317 (Fig. 5) .
Because intracellular lipid accumulation has been associated with decreased insulin signalling in rodent skeletal muscle, we evaluated the effect of the different conditions on the phosphorylation of PKB by insulin. The total protein amount of PKB was not affected in any condition (data not shown). Figure 5 clearly demonstrates that insulin normally stimulated PKB in all situations. This indicates that neither treatment with T0901317 nor lipid accumulation due to LXR-induced lipogenesis affected the response to insulin in the PKB signalling pathway in human skeletal muscle cells. In differentiated myotubes prepared from diabetic patients, T0901317 induced SREBP1c mRNA levels and SREBP1 protein expression to a similar extent to what was observed in cells from control subjects, as shown in Fig. 6 . Moreover, LXR activation with T0901317 also increased the mRNA expression of LXRα, FAS and SCD1 in muscle cells from diabetic patients (data not shown).
To assess insulin action in cells treated with LXR agonists, we measured the effects of insulin on the activation of PKB and the rate of glycogen synthesis. The differentiated myotubes were incubated for 48 h with T0901317 (1 μmol/l) in the presence of 5 mmol/l glucose to avoid possible confounding effects of lipid deposition. As presented already in Fig. 5, T0901317 did not modify the effect of insulin on the phosphorylation of serine 473 of PKB in myotubes from control subjects (Fig. 7a) . LXR activation, however, appeared to slightly increase, although not significantly, the amount of phosphorylated PKB in the basal state. Use of another LXR agonist (GW3965) led to the same result (data not shown). In muscle cells from patients with type 2 diabetes, the stimulatory effect of insulin was significantly reduced when compared with myotubes from control subjects. The action of insulin on PKB phosphorylation was not affected by treatment with T0901317. There was also no effect of GW3965 on insulin action in myotubes from diabetic patients (data not shown).
Regarding the metabolic action of insulin, we investigated the regulation of glycogen synthesis. Figure 7b clearly shows that there was a reduction in the effect of insulin in myotubes from diabetic patients when compared with cells from control subjects. Treatment with T0901317 increased glycogen synthesis in the absence of insulin in myotubes from both groups of subjects, but did not improve insulin action.
Discussion
Both LXRα and LXRβ were expressed in human skeletal muscle and adipose tissue. In muscle, LXRβ was the main expressed form, being about 30-fold more abundant than LXRα at the mRNA level. In contrast, the two isoforms were expressed at similar levels in adipose tissue. Importantly, there was no alteration in the mRNA expression levels of LXRα and LXRβ in the tissues of patients with type 2 diabetes mellitus. These data do not support a direct involvement of a defective expression of the LXRs in the observed reduction in SREBP1c levels in the muscle and the adipose tissue of the diabetic patients.
Given the recent interest in LXR ligands as potential therapeutic agents and the demonstration that one of these synthetic agonists improved glucose tolerance in a murine model of diet-induced obesity and insulin resistance [7] , it was important to better characterise the effects of LXR activation on lipid metabolism and insulin action in human tissues. For this purpose, we used a model of primary cultures of differentiated skeletal muscle cells [23] . We and others have demonstrated that skeletal muscle cells from diabetic patients display several defects that are similar to those observed in vivo in skeletal muscle, including a reduced stimulation of glucose uptake and glycogen synthesis in response to insulin and altered activation of the IRS1/PI3kinase/PKB signalling pathway [23, 25, 26] . The human myotubes expressed the two LXR isoforms with a distribution similar to that in muscle biopsies. Several recent reports indicated that ligands of the LXRs (T0901317 or GW3965) induced the expression of key genes of lipogenesis and lipid metabolism, both in vivo in Fig. 6 Effect of LXR agonist on level of SREBP1c mRNA and amount of SREBP1 protein in myotubes from patients with type 2 diabetes. Differentiated myocytes were cultured in the presence of DMSO (vehicle) or T0901317 (1 μmol/l) for 6 h for the quantification of SREBP1c mRNA (a) or 48 h for the effect on SREBP1 protein level (b). SREBP1c mRNA (a) was quantified by quantitative realtime PCR. Data (mean±SE) are presented as fold change over untreated condition (DMSO). *p<0.05 vs. basal condition; n=4. b The full-length and mature forms of SREBP1 protein were determined by western blot analysis using the H160 antibody [33] . The experiment was performed in two different preparations of muscle cells from control and diabetic patients rodent skeletal muscle [6, 7, 20] and in vitro in cultured muscle cells [8, 19] . In the present study, we confirmed and extended these observations to differentiated human myotubes. Treatment with T0901317, which activates both LXRα and LXRβ [6] , acutely induced SREBP1c, LXRα, FAS and SCD1 mRNA expression. The autoregulation of the gene coding for LXRα has been reported previously in human macrophages [31] , with identification of multiple LXR response elements in the promoter [32] . Here, we confirmed the direct transcriptional action of the LXRs on SREBP1c promoter of the human SREBF1 gene. The deletion of the two LXREs located in the proximal promoter region completely suppressed the effect of T0901317 on the promoter activity. Regarding the regulation of the gene coding for FAS, the situation is probably more complex because it is well established that SREBP1 is also a strong inducer of FAS expression [33] . Combined activation by LXR directly and by the augmented SREBP1c could contribute to the observed increase in FAS transcripts. The induction of SREBP1c could also be responsible for the retarded (48 h) increase in the expression of other genes known to be targeted by this transcription factor, such as the genes encoding acetyl-CoA carboxylase 2 and HKII [34, 35] . However, it should be noted that whereas LXR activation promoted strong induction at the SREBP1 mRNA and precursor protein levels, the effect on the mature form of SREBP1 was less pronounced, in agreement with recent observations in rodent hepatocytes [36] . Further work is thus needed to fully elucidate the precise transcriptional regulation of the gene network induced by LXR activation in muscle cells.
It was recently reported that chronic (96 h) activation of LXR by T0901317 increases palmitate uptake and lipid accumulation in human myotubes [19] . These authors also showed that glucose uptake was increased with concomitant induction of the solute carrier family 2 (facilitated glucose transporter), members 1 and 4 (previously known as glucose transporters 1 and 4 [GLUT1, GLUT4]) [19] . Here, we demonstrate that triglyceride accumulation can also be achieved in the absence of added fatty acids. T0901317 was able to promote de novo lipogenesis in the presence of a high concentration of glucose. Glucose uptake was probably also augmented by T0901317 in our work, as supported by the increase in HKII expression and by the observed higher rate of glycogen synthesis in the absence of insulin. Taken together, these data indicate that activation of LXR could have beneficial effects on circulating fatty acid and glucose concentrations by increasing their uptake and metabolism in muscle cells. This finding is in agreement with the improvement in glucose tolerance in diet-induced obese mice treated with GW3965 [7] . Induction of de novo lipogenesis, as shown here, and increased uptake of fatty acid [19] lead, however, to the accumulation of triglycerides in the muscle cells. There is compelling evidence that intramyocellular triglyceride deposition is associated with insulin resistance [3] [4] [5] . Rather surprisingly, LXR activation did not seem to alter insulin action in human muscle cells. We found that treatment with T0901317 did not modify the effects of insulin on the activation of PKB, suggesting that the IRS1/ PI3kinase/PKB pathway was not affected in the human myotubes despite accumulation of triglycerides. Recent reports indicate that the triglycerides per se are not directly responsible for the inhibition of the insulin signalling pathway, but rather that accumulation of intermediary metabolites, such as long-chain acetyl-CoAs and diacylglycerol, via activation of protein kinase C isoforms, may be more directly implicated [5, 37] . The lack of a deleterious effect of LXR activation on insulin signalling in human myotubes suggests that these intermediary metabolites probably did not accumulate in the cells during triglyceride synthesis. Alternatively, it has been demonstrated that the deleterious effect of the fatty acids depends strongly upon their nature, saturated being more efficient than polyunsaturated fatty acids [38] . Because the latter are much more easily incorporated into triglycerides, it has been hypothesised that accumulation of triglycerides may protect against lipotoxicity to prevent fatty acid overload [38] . The robust induction of SCD1 mRNA by LXR agonists in muscle cells might favour the synthesis of unsaturated fatty acids, thus protecting the cells from toxic effects through the facilitation of triglyceride formation. Although this hypothesis remains to be evaluated, all these data suggest that LXR activation, by increasing the uptake of fatty acids and glucose and by modifying their metabolism in skeletal muscle [6, 8, 19] and in other tissues [39] , could contribute to the amelioration of glycaemic control and circulating fatty acid concentrations [7] , at least acutely, without deleterious effects on insulin action.
It has been shown recently that the effect of LXR activation on fatty acid uptake and lipid accumulation is enhanced in myotubes prepared from patients with type 2 diabetes [19] . Insulin signalling and insulin action on glucose metabolism, including glucose uptake and glycogen synthesis, are profoundly altered in this cell model [25, 26, 40] . We therefore measured the effect of LXR agonists on insulin action in human myotubes from patients with type 2 diabetes. Our data demonstrated that LXR activation did not improve the response to insulin in myotubes prepared from patients with type 2 diabetes. This lack of effect was similarly found when measuring the effects of insulin on the activation of PKB or on the stimulation of glycogen synthesis. These data suggest, therefore, that there is no direct effect of the LXRs on the action of insulin in human muscle cells. In addition, we did not find any effect of LXR agonists on the mRNA expression of the key proteins of insulin signalling, such as insulin receptor, IRS1, P85αPI3-kinase, and phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (data not shown).
In summary, our study shows that both LXR isoforms are expressed in human muscle and adipose tissue and that there is no alteration in patients with type 2 diabetes. In differentiated human skeletal muscle cells, activation of LXRs leads to marked induction of lipogenesis and accumulation of triglycerides without affecting insulin action. Furthermore, LXR agonists do not appear to have significant effects on the action of insulin in muscle cells from insulin-resistant patients with type 2 diabetes. These data thus suggest that treatment with LXR agonists may lead to increased utilisation of lipids and glucose. However, the long-term consequences of triglyceride accumulation in the tissues should be evaluated before the development of effective LXR-based therapeutic agents.
